ABSTRACT: The distribution, abundance, and production of viruses and bactena were investigated during an August to September 1992 cruise aboard the RV 'Alpha Helix' in the Bering and Chukchi Seas. Viruses were abundant in seawater samples at all stations (10' to 10'' I-') and exceeded the bacteria concentration by an order of magnitude on average. Virus-like particles and bacteria were also observed in the pore water of a sed~ment sample at 27 and 2.1 X 10' l.', respectively. The concentrations of viruses and bacteria in pelagic samples were correlated (r = 0.83, n = 43). In a detailed depth profile from the deepest and northernmost station (72' N), bacteria and viruses displayed subsurface maxima in the upper 100 m. Below 100 m, the concentrations declined, but were detectable even in the deepestcollected samples (402 m). Integrated bacterial biomass estimates were similar to results from a previous study in this area, but bacterial production measurements ranging from 0.3 to 0.45 g C m-2 d-' were an order of magnitude higher Production rates of bacterial viruses (also known as bacteriophages or simply phages) measured by radiolabeling ranged from 0.5 to 4.2 X lO%iruses I-' d-l, which are similar to previous estimates for temperate coastal waters. The production measurements ind~cated turnover times ranging from 0.4 to 17 d for bacteria and maximum estimates of 1.2 to 15 d for bacterial viruses. Viral mortality of bactena was estimated from the frequency of visibly infected cells (FVIC) and flagellate grazing was calculated from flagellate and bacterial abundances together with an assumed flagellate clearance rate. Overall, estimated viral lysis was roughly comparable to estimated grazing by flagellates as a source of bacterial mortality. Averaged over the water column, viral mortality of bacteria in the Chukchi Sea was estimated to be 23% of the bacterial production at 2 southern stations and approximately 10% at 2 northern stations. FVIC was correlated with bacterial production (r = 0.75, n = 18) and specific growth rate (r = 0.74, n = 18), but not with bacterial abundance (r = 0.22, n = 27). These data suggest viruses to be a ubiquitous and dynamic feature and a significant source of bacterial mortality in Arct~c marine microbial communities. The implications of bacterial and viral production for C and N cycling in the Chukchi Sea are discussed
INTRODUCTION
Some of the highest rates of primary production in the world ocean have been measured in the northern Bering and southern Chukchi Seas (Sambrotto et al. 1984 ) and the intense productivity supports abundant populations of benthic invertebrates, seabirds, and marine mammals (Hood & Calder 1981) . The physical, chemical, and biological bases of this unusually productive area have been investigated in a number of multidisciplinary research programs (e.g. Nagel 1992 , McRoy 1993 . The results suggest the region to have far-reaching biogeochemical importance as a sink for atmospheric CO2 (Walsh 1989 ) and a source of fixed carbon to the Arctic Ocean basins (Walsh et al. 1989) .
Highest productivity in the Chukchi Sea occurs within modified Bering Shelf Water which we will refer to as BSAW after Grebmeier & McRoy (1989) , since it is a mixture of central Bering Shelf and eastern Anadyr Current Waters. To the east lies the much less productive Alaskan Coastal Water (ACW), which is distinguished by lower salinity and higher surface temperature due to inputs from rivers throughout the summer (Coachman et a1 1975) In ~nicrobiological studies of mortality, and dlscuss the impact of bacteria and this regron, Andersen (1988) found that the signifiviruses on carbon and nitrogen cycling in relation to cdnce of the microbial loop in respiration and N remthe reported varlabil~ty of primary productivity of the incralizt~tion varied with location. In general, the study area. microbial loop was estimated to process a ldrge fraction (70 to 80'K) of primary productivity in the less productive ACW which is dominated by pico-and MATERIALS AND METHODS nanophytoplankton, but only a small fraction (5%) in the highly productive, diatom-dominated BSAW. SubSample collection. Samples were collected during sequent reports (Hanson & Robertson 1992, Kudryat- cruise HX165 of the RV 'Alpha Helix' from 18 August sev et al. 1992) indicate higher rates of bacterial proto 14 September 1992. Sample sites are presented in duction, suggesting that the role of bacteria in this Fig. 1 . Seawater samples for depth profiles and/or rate region may be greater than previously thought.
measurements were collected with 10 1 Niskin bottles The fate ol bacterial production was not explicitly mounted on a CTD rosette. Additional transect samexamined in any of these studies, but data from temples were collected from the uncontaminated seawater perate waters indicate that viral mortality of bacteria supply while underway (inlet at approximately 8 m can sometimes b e high (Proctor & Fuhrman 1990, depth) . A sediment core was collected with a 0.0133 m2 Steward et al. 199213, Weinbauer et al. 1993) and
Haps corer (Kanneworff & Nicolaisen 1973 ) and a pore should thus compete with protozoan grazing to affect water sample extracted from the core using a wholethe transfer of carbon and nitrogen through the core squeezer (Brandes & Devol 1995) which was food web (Fuhrman 1992 , Murray & Eldridge 1994 .
based on the design of Bender et al. (1987) . Wheth.er the contribution of viruses to bacterial mortality is significant in polar pelagic food webs has not been studied.
The dynam.ics of bacteria and viruses in Arct~c sea ice has recently been reported on (Maranger et al. 1994) , but data on 7~ pelagic viruses in Arctic waters a.re scant, consisting of a single virus count from deep in the Barents Sea (Bergh et al. 1989 ) and 3 counts in the upper few meters underlying Arctic sea ice (Maranger et al. 1994) . Somewhat more data have been presented for Antarctic waters and consist of a transect and some depth profiles of viral and bacterial abundance obtained during crossings of the Drake Passage (Smith et al. 1992) . In all of these ---cases viral abundances were relatively low ($10" I-'). Reports on the inhibition of marine bacteria by low temperature and substra te concentrations (e.g. Pomeroy et al. 1991) suggest that the low temperatures of polar waters may inhibit the production of bacteria, and secondarily, of bacterial viruses.
Adjacent areas of very high and low productivity in the Chukchi Sea provide a n opportunity to examine variability in the ecology of viruses in cold Arctic Enumeration of microorganisms. Samples were preserved with 2%) glutaraldehyde (v:v, final concentration) and stored in polypropylene tubes (15 or 50 m1 capacity) at 4°C until thny could be processed ashore. Storage time varied from 9 to 37 d . The microorganisms in 10 m1 subsamples were pelleted directly onto electron mrcroscope grlds as described in Cochlan et al. (1993) except. that centrifugation was decreased to 2 h (sufficient to pellet particles of 60 S or larger). Grids were stained for 20 s i n 0.5':A uranyl acetate follow~d by 3 sequential 10 s rinses in Milli-Q"' watel-Excc!ss water was wicked away with bibulous paper (Whatman 3hlM or equivalent) and the grids allowed to alr dry. Grids were examined in a Hitachi H-500 transmission electron microscope (TEM) at a n accelerating voltage of 100 kV. Each grid was examined at several different magnif~cations to count the various classes of microorganisms. Magnifications used were 31x for diatoms, lOOOx for flagellates, 3000 to 10 000 X for bacteria. and 50 000 X for viruses. For diatoms, the count was determined by scanning the entire grid. For all others, 50 to 100 view fields were counted. For flagellates and bacteria, no attempt was made to discriminate between nutritiona.1 modes; all nanoflagellates and bacteria were assumed to be heterotrophic. Although thecae of choanoflagellates were observed in many samples, thcy were too few to quantify reliably and are not included in this report.
Frequency of infected cells. On the s~lnie grids that were used for enumerating microorg~nisms. 500 bacteria per sample were examined by TEM at 30000 to 50000x magnification and scored as infected if they contained 3 or more intracellular virus-like particles. Intracellular virus-like particles were identified as darker staining spots having regular shape (circular to icosahedral in profile), all of the same size within any particular cell, and contained within the boundary of the cell c:nvelope as viewed In profile. Virus-llke particles can be distinguished from mineral inclusions (such as magnetite) due 10 thct electron opacity of the latter which renders them evenly black. When the scoring of a cell was uncertain, judgement was based on a photograph of the ci,ll which provided higher resolution than the phosphorescent viewlny screen. The frequency of visibly infected cells (FVIC) was converted to a frequency of infected cells (FIC) using the average (5.42) of the high (7.14) and low (3.7) conversion factors presented in Proctor et al. (1993) A conversion factor is needed to account for ~nfected bacteria which do not yet contain mature virus particles and thus would not be scored as visibly infected. A range for the FIC estimate was obtained by calculating an extreme high value as the FVIC upper 95% confidence interval (Cl) multiplied by the high conversion [actor ilnd an extreme low value as the FVIC lower 95% Cl multiplied by the low conversion faclor.
Bacterial production. Bactcrl~ll secondary productlon was determined by 'l-l-Ieucine incorporation (Kirchman et al. 1985 , Simon & Azam 1989 ) CIS modified for micro-centrifugation by Smith & Azam (1992) . Bacterial carbon production was converted to cell production assumlng 20 fg C cell ' (Lee & Fuhl-man 1987) Bacterial virus production. Production rates of bacterial viruses (bacteriophages or phages) were eslimated from '1-I-thymidine ('H-TclR) incorporation into bacteriophage D N A using a conversion fdclor of 2 X 10" viruses (mol TdR incorporated)- ' (Stewd1.d et al. 1992a) . Errors in production rales al-e taken as the 95% C1 for the slope of the rate regression line. An dlternative approach to estimating bacteriophage production was also employed. In this method, production was calculated by multiplying tocjethel-FIC and bacterial. production for each sample to estimate rate of cell lysis. Multiplying by an assumed burst size of 50 then yielded an estimate of bacteriophage production. The burst size used is the average estimated by Heldal & Bratbak (1991) and similar to the average bul-st size of 51 observed for rod-shaped cells (the nuniel-ically dominant morphotype) by Weinbauer & Peduzzi (1994) . The range of the bacteriophage production estimate was rdlculated as the minimum and maximum obtainable rates when combining the extremes of the ranges for the FIC and bacterial productlon va1u.e~ used in the calculation (burst size was assumed constant) The ranges for FIC estimates were calculated as described above and the ranges for individual bacterial productlon estimates were taken as the mean 2 the standard deviation of triplicate incubations.
Flagellate grazing. Grazing rates 01 nanoflayellates were estimated as the product of bacterial concentration, flagellate concentration and a n assumed clearance rate of 10 nl h ' flagellate ' (Fenchel 1982 , Andersen & Fenchel 1985 . This clearance rate was chosen to facilitate compar~son with the data of Andel-sen (1.988) from the same study area. Grazing rales were expressed in terms of carbon by assuming 20 fg C bacterium-' (Lee & Fuhrnian 1987) The upper and lower limlts for grazing rate in a sample were calcultlted from the upper and lower 95'% Cl of the flagcllate concentrations.
Bacterial mortality. The fraction of bacterial productlon lysed by viruses was estimated by multiplying the mean FIC by 2 . The factor of 2 1s used to express mortality as a percentage of production and assumes (1) a steady state in hacterial abundance as \veil as lysis and reinfection, and (2) that phaye latent period equals bacterial generation time (Proctor & Fuhrman 1990) The possible range of viral mortality in each sample was calculaled using the extreme high and low estimates of FIC tor lhat sample (see above). For compari-son, bacterial mortality was also derived from radiolabeling estimates of viral production by assuming a burst size of 50. In this approach, viral production divided by burst size yielded an estimate of the rate of cell lysis which was then expressed as a percentage of bacterial cell production. The percent bacterial mortality due to grazing was calculated as the grazing rate divided by the bacterial production rate. The range for mortality due to flagellate ingestion was calculated from the range of each estimate of grazing rate (see above). Latitude ("N) displayed no obvious trend with latitude, but viral abundances were higher in the southbound relative to the northbound transect. In a sample of pore water squeezed from the upper 1 cm of a sediment core, bacteria and viruses were present at 2.1 and 27 X 10q I-', respectively. For 3 of the stations in the Chukchi Sea we present depth profiles of temperature, salinity, in situ fluorescence, the abundances of bacteria, viruses, flagellates and diatoms, the FVIC and bacterial production in Fig. 3 . Diatoms and flagellates displayed similar patterns of depth distribution with peaks below the mixed layer. The major peaks in diatom counts corresponded to fluorescence peaks measured by the In situ fluorometer. The fluorometer was not calibrated so these data could not be converted to chlorophyll concentrations. Bacteria and viruses were most abundant below the mixed layer, with both displaying sub-surface maxima at 100 m in the 2 deeper profiles (Stns l 7 and 32; Fig. 3 ). In the deepest profile (Stn 32), bacteria and viruses show a steep decline with depth into waters of Atlantic Ocean origin below 120 m (Coachman & Aagaard 1974) , reaching minima of 0.067 X 10"acteria at 195 m and <0.1 X log viruses 1-' (below detection limit) at 264 m.
RESULTS

Abundance and distribution of microorganisms
Integrated biomass estimates for bacteria were 4 to 5 times higher in the north (Stns 17 and 32) relative to the south (Stns 1 and 7) when considering the entire water column (Table 1) . Integration restricted to the upper 50 m at the deeper northern stations was also done to allow comparison with the southern stations over a similar depth interval. In this case, integrated bacterial biornass varied little amongst the 4 stations ( Table 1) .
Bacterial production
Bacterial production rates ranged from 0.15 to 17 yg C I-' d-l. Considering only samples from above 100 m, the lowest measured bacterial production was 1.8 pg C 1-' d-'. Water-column-integrated bacterial production at 4 stations ( Table 1) showed little variation (0.3 to 0.45 g C m-2 d-l) despite the much shallower water column at the southern stations. Integrations restricted to the upper 50 m are also presented for the deeper northern stations. In this restricted integration, bacterial production is observed to be 2 to 2.5 times higher in the southern relative to the northern stations. Assemblage-averaged cell-specific growth rates ranged from 0.67 to 2.48 d-' at the southern Stns 1 and 7 and from 0.06 to 0.84 d-' at the northern Stns 17 and 32. These growth rates correspond to turnover times of the bacterial pool ranging from 0.4 to 1.5 d in the south and 1.2 to 17 d in the north. Diatoms (X l o5 I-') Viruses (X 1 o9 I-') €3 FVIC (%) Fig. 3 . Depth profiles of CTD/fluorometer data, microbial abundances, bacterial growth rates, and the frequency of visibly infected bactenal cells for Stns 1 (upper panels), 17 (middle panels) and 32 (lower panels). Data for all stations were presented using the same scales to facilitate qualitative comparison. BSP bacterial secondary product~on, FVIC: frequency of visibly infected cells 
Bacteriophage production
Production of bacterial viruses est~mated by radlolabeling In 5 samples ranged from 0 51 to 4 2 X l o g viruses 1 ' d l (Table 2 ) Assumlng that the assemblage of free viruses 1s dominated by bacteriophages, turnover t~m e s for the virus pool would range from 1 2 to 15 d For comparison with radiolabellng, estimates of bacter~ophage production were also calculated from FIC With thls calculation, productlon In the same 5 samples ranged from 0 39 to 14 X 10' viruses 1 ' d-' (Table 2) with turnover tlmes ranging from 0 38 to 9 8 d The discrepancy between the approaches vaned from as little as 4 up to 266 %, but in all cases the ranges obtalned for each sample by the 2 Independent methods are overlapping Looking at all the data for bacterlophage productlon calculated from FIC, the highest estimated rates were observed m the southern C h u k c h Sea at Stns 1 and 7 (2 to 14 X l o g vlruses 1 ' d-l) and the lowest rates were observed below 100 m at the northernmost Stn 32 (0 02 to 0 08 X 10' vlruses 1 ' d ') All other samples fell between 0 39 and 1 5 X 10q vlruses 1-' d-'
Virus-infected cells
V~rus-lnfected bactena were observed in all of thp 28 pelagic samples examined, ranging from 0 2 to 3 3 of the assemblage Viruses were found in bac l -n d of varying morpholoyic~s and at different stages of infection with apparent burst slzes varying from 7 to >270 (Fig. 4) . The only sample in which infection was not detected (<0.6'Y0 at95% confidence limit) was the sedlment pore water sample from Stn 30, although bacteria and \ TITUSlike particles were present at high concentrations.
Infections of flagellates could not be detected by the method employed here because of their much greater electron density, which prevented discrimination of intracellular features. Although chloroplasts could be distinguished in some diatoms, it is not known whether intracellular viruses would be vislble w~t h o u t sectioning. While no virus-llke particles were observed In diatoms, a systematic search was not performed.
Bacterial mortality
The percentaqe of bacterial mortallt~ dttributable to viral 1) 51s as calculated from the FVIC rdnged from 2 to 36 (Table 2 ) Including uncertainties ~n the determin a t~o n of FVIC as v p11 as in the conq, crsion factor (see Mater~als and methods'), the potential range of mortallty due to viruses becomes < l up to 59% Similar to viral production, hiqhest estimatt s of ~r a l mortality of bacteria were found in the southr.rn Chukchi Sea at Stns 1 7 and 56 (9 to 36"") Lowest estimates were observed below 100 m at the northernmost Stn 32 (2 to Q ) Mortal11 at the remaining stations valied only from 9 to 13
For cnmparison, v~r a l mortalit of bacttrla was also estimated from viral production rates obtained using the radiolabeling approach. Mortality estimates thus obtained ranged from 1 9 to 1 2 % of the bacterial cell production (Table 2) Estimated mortality due to granny by flagellates ranged from 0 to 125'51 (data not shown) The ratio of viral lysis to flagellate ingestion of bacteria 1s plotted versus depth for all samples where both sources of mortality were measured or could be estimated (Fig. 5) . The lysis/grazing ratio varied from 0.08 to 12.2. Viral lysis predominated (ratio > l ) as frequently as flagellate grazing (ratio <l), but the distribution varied with depth. Viral lysis predominated in most of the near-surface samples (0 to 30 m) and in the deepest water samples (below 300 m), while flagellate grazing predominated in all of the mid-water samples (50 to 250 m ) .
Averaged over the water column at the 4 depthprofile stations, viral mortality of bacteria varied from 9 to 23% with highel-percentages at the 2 stations in Variation with depth ot (a) the ratio of bacterial mortality due to viral lysis versus flagellate grazing and (b) total estimated percent bacterial mortality calculated as the sum of mortality due to viral lysis and flagellate grazing; mortality is presented as the percent of bacterial production Plots are compilations of all samples In t h~s study for which data were available or could be estimated. Open circles and open squaws are for samples where both lysis and grazlng data were directly calculated Filled and crossed symbols are for samples where flagellates were below the detection limit. In these samples we calculated maximum grazing rate (therefore minimum lysis/grazing ratio and maximum mortality) by assuming that flagellates were exactly at the detection h~t In 2 of those samples, the bacterial production measurements required to estimate grazing mortality were not ava~lable and were estimated by interpolation between the nearest higher and lower depths in the depth profile (crossed circles and squares) the southern Chukchi Sea relative to the 2 northern tween the northbound and southbound transects, but stations (Table 1 ). The corresponding water-column abundances of viruses and, to some extent, bacteria averages of mortality due to flagellate grazing varied were higher during the southbound transect. This may from 4 to 25%. In absolute terms, these percentages reflect real increases in bacterial and viral populations imply the lysis of 4 1 to 89 mg C m-' d-' by viruses and throughout the region from the beginning to the end of the ingestion of 16 to 97 mg C m-2 d-l by flagellates. the cruise (28 d). It is also possible that part or all of the difference could be due to longer storage time of the samples collected during the first half of the cruise. Correlations Decreases in bacterial abundance in fixed, stored samples have been documented (Turley & Hughes Viral and bacterial abundances were positively cor-1992), but these results were for samples stored at room related (r = 0.81, n = 41; Fig. 6a ) with a virus/bacteria temperature and counted by epifluorescence microratio of 10 * 5.5 (mean * SD). FVIC (and therefore scopy. The effect of storage at 5OC on counts of bacteria percent mortality) correlated with bacterial production and viruses by electron microscopy (the conditions in (r = 0.75, n = 18; Fig. 6b ) and average bacterial cellthis study) has not been rigorously tested. However, in specific growth rate (r = 0.74, n = 18; not shown), but a preliminary test in our laboratory, after 40 d of stornot with bacterial abundance (r = 0.22, n = 27; Fig 6c) .
age, numbers of bacteria decreased by 23 % and those of viruses by 66% in samples of water collected from the pier at Scnpps Institution of Oceanography DISCUSSION (authors' unpubl, results). These results are consistent with the discrepancy between the earlier-collected Abundance and production of bacteria and viruses (northbound) and later-collected (southbound) transects and provide a possible explanation for why the General patterns in the distributions of bacteria and discrepancy is more pronounced for viruses. Whether, or viruses in surface waters were roughly consistent beto what extent, the differences are due to storage artl- fact or reflect real changes in abundance is not possible to say, so we can only note that our bacteria and virus numbers may be underestimated. Our estimates of bacterial abundance and biomass, as well as heterotrophic nanoflagellate abundance and production, are comparable to previous results from the same area (Andersen 1988). Our estima.tes of bacterial production (0.30 to 0.45 g C m-2 d-l) fall in the range of some previous results for this region obtained using different techniques. In the Chukchi Sea, overlapping rates were inferred by Kudryatsev et al. (1.992 ) using a dark CO2-incorporation technique (0.3 to 1.1 g C m-2 d-l). In the Bering Sea, Hanson & Kobertson (1992) used 'H-TdR incorporation to measure production rates of 0.22 and 0.24 g C m-"-' in ACW and BSAW, respectively, but based on the frequency of dividing cells their estimates for the same stations were 3 to 4 times higher (0.62 and 1.0 g C m-2 d-', respectively). These estimates of bacterial production are about 1 to 2 orders of magnitude higher than the thymidine-based rates reported by Andersen (1988) for the Chukchi Sea.
Viruses were not included in any of the previous investigations of Arctic marine food webs, but our data indicate that they are a ubiquitous and dynamic component and that they can be a significant, though variable, source of bacterial n~ortality. Consistent with data from other areas, viruses were an order of magnitude more abundant than bacteria on average and their concentrations spanned much of the range observed in a wide variety of marine environments (e.g. Bergh e t al. 1989, Hara et al. 1991 , Smith et al. 1992 , Wommack et al. 1992 , Cochlan et al. 1993 , Paul et al. 1993 , Weinbauer et al. 1993 .
Production estimates of bacterial viruses obtained by 2 different methods (radiolabeling versus calculation from FVIC) gave similar results and indicated production rates comparable to those found in temperate oceanic waters of the Southern California Bight, USA (Steward et al. 1992b ). An imprecise agreement between the 2 methods is to be expected given o'ur sin~plifying assumption of a constant average burst size in the conversion of FVIC to viral production. Reported burst sizes range widely from 6 to 300 (Heldal & Bratbak 1991 , Weinbauer & Peduzzi 1994 . Thus, while variations could easily explain any discrepancy between the methods, better constraints on this variable must be made before it can be concluded that the methods are in agreement. Although we have used production rates of bacterial viruses to calculate bacteriophage pool turnover, we note that it is not possible to distinguish bacteriophages from other viruses by electron microscopy. Therefore, in assuming that bacteriophages comprise the vast majority of the total virus co.unt, we may have overestimated the size and the turnover time of the bacterial vlrus pool.
Viral infections of bacteria
The percent of bacteria containing mature viruses (i.e. FVIC) observed in this study (0.2 to 3.3 76) is similar to the ranges found previously in temperate and tropical waters. FVIC in these studies ranged from 0.9 to 4.3 % for a variety of marine environments (Proctor & Fuhrman 1990 ), from 0.7 to 3.7% in particle-associated bacteria obtained from sediment trap material (Proctor & Fuhrman 1991) and from 0 to 4.2% in the northern Adriatic Sea (Weinbauer et al. 1993 , Weinbauer & Peduzzi 1994 ) Some of the above data were obtained by direct examination of whole bacteria as in this study (Weinbauer references) and some by exdmination of thin sections of embedded bacterial concentrates (Proctor references). In a direct comparison of thin sectioning versus whole cell methods the latter was found to yield a lower FVIC, possibly d u e to difficulty in detecting intracellular viruses in some unsectioned cells (Fuhrman & Noble 1995) Other experiments suggest that underestimation of FVIC in the whole cell method could result when cells are pelleted using a high relative centrifugal field (as in this study), possibly due to rupture of some infected cells (M. Weinbauer pers. comm.). Further investigation is necessary to determine the source and consistency of this discrepancy. However, these results suggest that our estimates of FVIC are ltkely to be conservative.
All of the FVIC data discussed above are in marked contrast to data obtained using streptomycin-induced lysis of bacteria to release intracellular viruses prior to examination by electron microscopy. Using this approach, virus-producing cells have been estimated at 8 to 3.4 ' 3' 0 (Heldal & Bra.tbak 1991) and 12 to 29% (Bratbak et al. 1992 ) of the bacterial assemblage. However, it is not clear whether the virus-producing cells as defined by the lysis-from-without method are equivalent to visibly infected cells. Difficulty in reconciling measured bacterial production with the extremely high bacterial mortality implied by these estimates leaves the proper interpretation of these infection data in question (Bratbak et al. 1992) .
We found FVIC in seawater samples to be correlated with both bacterial production and average bacterial cell-specific growth rate. However, contrary to the data of Weinbauer et al. (1993) , FVIC was not correlated w~t h bacterial abundance. It is possible that differences in correlati.ons between the studies are due to differences in sample storage and processing. Alternatively, they may reflect real differences in the structure of the microbial food web in different locations. For example. whether viral production is predominantly due to lytic propagation or the induction of lysogens could affect the re1ationsh.i~ between FIC and other variables. Few s t u d~e s have been done, but available evidence argues for the importance of both lytic (Wilcox & Fuhrman 1994 ) a n d temperate phages (Jiang & Paul 1994) in marine waters. Regardless of the mode of viral infection or the exact nature of the relationship between wral and bacterial production, our data support the previous general conclusions that viruses exert a greater influence in more eutrophic waters (Steward et al. 1992b , Weinbauer et al. 1993 .
Bacterial mortality
If the current interpretation of FVIC in terms of bacterial mortality (Proctor et al. 1993 ) is correct, then our data suggest that viruses can contribute significantly to losses of bacterial production in Arctic waters, not only in individual samples (up to 36'Yu/v), but al.so averaged over the water column [up to 23 'X,) Although we used whole cells rather than thin sections for determining FVIC, in preliminary work it was found that the range in conversion factor derived using the whole cell method on natural communities (3.9 to 6.6; M. Weinba'uer pers. comm.) was within the range calculated by Proctor et al. (1993) using thin-sectioned materlal (3.7 to 7.24). However, given the possibility that we have underestimated FVIC (see discussion above), viruses are likely to contribute even more to bacterial mortality than we have estimated.
Bacterial mortality values calculated from viral production estimates overlap with those calculated from FVIC, suggesting that the assumptions in interpreting FVIC may be reasonable. As discussed above regarding viral production, the agreement between FVIC and radiolabeling methods may be affected by variations in mean burst size. which w e have assumed to be constant. Despite the overlapping values using 2 different methods, there are large uncertainties in estimates obtained by either approach. While the results are encouraging, further constraints on such mortality estimates are needed before it can be concluded that these methods are in agreement.
Overall, the estimated contributions of viru.ses and flagell.ates to bacterial mortality were comparable when integrated over the water column. This is a s~g -nificant departure from the traditional view that flagellates are the major source of bacterial mortality (for reviews see McManus & Fuhrman 1988 , Pace 1988 . However, similar results have recently been found in mesocosm experiments i.n temperate coastal waters (Fuhrman & Noble 1.995) . Our conclusions regarding the relative contributions to bacterial mortality of viruses versus flagellates should be treated with some reservation given the assumptions and unrertainties in both mortality estimates. Uncertainties are reflected to some extent in the large possible range associated with. each estimate, but not every source of error is included. For example, the range for flagellate mortality would have been much wider, spanning several orders of magnitude, if we had included the full range of reported clearance rates for flagellates (0.07 to 336; compiled data from Eccleston-Parry & Leadbeater 1994). Even with this uncertainty, our study highlights the variability with depth in both the absolute and relative impact of viruses and flagellates on bacteria. This variation in the fate of bacterial production has important ecological and biogeochen~ical implicat~ons as it suygests depth-dependent changes in carbon flow pathwdys through the microbial food web
In this study our estimates of vlral l y s~s dnd flagellate grazing account for lc.55 than 50",1 of the bacterial moitality in the majority of the samples (Fly 5) Mortality estiii~ates less than 100'%, are not necessarily surprising as we have not included all possible sources of bacterial losses (havlng excluded granny by ciliates and choanofldgt>llates, autolysis, loss from the water column by dttachinent to sinking particles, etc ) It is also possible that we have undelest~mated v~r a l mortality (as d~scussed above) and/or flagellate yrazlng However, the percent mortality of bacterla accounted for by vlruses and flagellates in all of the deeper watel samples (200 to 402 m) and some surface samples was part~cularly small (<2On<,), suggesting the importance of alterndtive soulces of mortality in those samples For example in BSAW In the southern Chukchl Sea prevlous studles have shown hlgh annual primary productlvlty reaching 470 g C m 2, whlle in the ACW, annual primdry productlon IS only 80 g C m (Springer & McKoy 1993 ) Based on geographic location, temperature and salinity signatures of the water masses (Coachman et dl 1975) and benthic resp~ration data collected durlng this cruise (J Grebme~er pers comm ) it 1s believed thdt at least one of our depth-ploflle statlons (Stn 7) lay withln the high dnd at least one (Stn 1) wlthin the low productivity region However, since prlmary productlon data were not collected durlng our cluise, it is not certain what lates of productivity are appropliate for which stations Therefoi e, we compai e the range of bacterial carbon demand (BCD) estlmates for all 4 stdtions with the above potential iange of pnmary product~on
To calculate conservative estlmates of BCD from oul bacter~al production data, we assume a bacterial growth yield of 30'%, which is at the high end of some lecent estimates (Bjolnsen 1986 , Kl~chman et a1 1991 Poilleroy et a1 1995 , Smith et a1 1995 Annual BCD is then estimated assuming that bdcteiia grow at the obseived rdtes for 90 d (3 mo, fiom mid-summer to late suminer/edrly fall) Conservatively estimated bacterial carbon demand for all 4 stations then ranges from 1 to 1.5 g C m-2 d-l, totaling 90 to 137 g C m-2 annually, depending on the station. The calculated BCD accounts for at least 19 to 29'!:# of the annual primary production expected in the BSAW. This is substanhally higher than the 5'%> estimated by Andersen (19881, even though the latter estimate included production and respiration of the entire microbial loop.
In the less productive waters of the ACW, our estimated BCD implies carbon consumption equivalent to 113-170'%1 of the annual primary production (PP) Again this is higher than the previous estimate (80'%)) for t h~s water inass calculated by Andei-sen (1988) Bacterial carbon demand exceeding 100";) of the primary production in ACW could occur as the result of substantial recychng of organic matter (Strayer 1988) and/or its import by advection from other areas. The high BCD/PP ratio suggests the possibility that there are times and/or regions of net hetei-otrophy within the Chukchi Sea which, along with organic matter sedimentation onto the shelf and export to the Arctic basin (Walsh et al. 1989) , would serve to balance the exceptionally hlgh autotrophic production In the northern Bering and southern Chukchi Seas.
With some additional assumptions we can use our data to estimate the importance of bacteria In N remineralization. We assume C:N ratios of 4 for bacteria (Lee & Fuhrman 1987 ) and 7 for phytoplankton (Goldman et a1 1979) and conslder bacteria to consume organic matter with a C : N ratio similar to that of phytoplankton. Reinineralizat~on of N is then calculated as the difference between nutrient consumed and nutrient assimilated (Caron & Goldman 1990 ). With these assumptions, w e calculate reminerallzation by bacteria to be 79 to 120 mg N m-2 d-l Using N requirements of phytoplankton calculated from the C:N ratio and the primary production rates cited above, microbial remineralization could contribute 12 to 19% of the annual total photosynthetic N requirement in the BSAW and 73 to 11 1 %, in the ACW Although only rough estimates, these values correspond with observed patterns of N utilization (Walsh et al. 1989 ) which indicate that primary production In BSAW is mostly nitrate-based, or new production (80','0), while in ACW the nitratebdsed production is only 10'%, of the total. Nitrogen supplied by bacterial reinineralization thus has the potential to supply much or all of the regenerated N requirement in both water masses.
These calculations reveal a pattern consistent with the previous observation that the microbial loop processes a larger fraction of the primary production in the ACW relative to the highly productive BSAW (Andersen 1988 , Walsh et al. 1989 . However, the substantially higher rates of bacterial production which w e have measured (consistent with more recent estimates in the Chukchi Sea) suggest that the significance of bacteria in C and N cycling might be greater than previously appreciated.
Implications of viral mortality of bacteria Since significant fractions of primary production can be processed by bacteria in the Chukchi Sea, the fate of the bacterial production may be an important variable for understanding biogeochemical pathways. Whether bacteria are lysed by viruses or consumed by flagellates is expected to affect the transfer of material and energy through the food web (Fuhrman 1992 , Murray & Eldridge 1994 . By analysis of model food webs, Murray & Eldridge (1994) concluded that viruses would only affect biomass transfer to higher trophic levels in oligotrophic, microbial-loop-dominated ecosystems, and even then only at relatively high viral mortality (e.g. >50%).
Our results and the results of others (Weinbauer et al. 1993) indicate that viral mortality of bacteria is higher in more eutrophic waters (around 20 to 50%), but is relatively slight (perhaps 10%) in oligotrophic conditions where viruses would have the greatest potential impact. Thus, our results combined with the model results of Murray & Eldridge (1994) imply that bacterial viruses might be expected to have little effect on zooplankton production under most circumstances. However, simple quantitative estimates of viral lysis of bacteria and its effect on carbon supply to higher trophic levels may misrepresent the significance of bacteria and bacterial viruses in biogeochemical cycling.
Even in areas such as the northern Chukchi Sea, where integrated viral mortality averaged only 10%, bacterial viruses are still likely to be critical components of the food web. Unlike protozoa, viruses are generally species-speciflc (Ackermann & DuBow 1987 , Berrsheim 1993 . Therefore, even when total viral mortality of bacteria is low, viruses could be devastating individual bacterial populations (e.g Bratbak et al. 1990 ) and thereby causing species succession and possibly maintaining species diversity as speculated by Fuhrman (1992) .
Bacterial viruses may also shape the biochemical potential of the microbial community through genetic transfer among bactena. Viruses could enhance genetic transfer directly, via transduction, or indirectly by contributing to the dissolved DNA pool, thus increasing the likelihood of natural transformation. Both processes have been shown to occur in aquatic environments (Saye et al. 1990 , Frischer et al. 1994 . The genes of bacterial viruses themselves may prove important determinants of bacterial phenotype through phage conversion. For example, it is known that some bacterial toxins, somatic antigens, and enzymes are actually coded by viral genes (Barksdale & Arden 1974) . To what extent viruses mediate species succession, the maintenance of bacterial diversity, genetic exchange, and conversion in natural seawater communities remains an important quest~on to be answered. However, our data from the Chukchi Sea imply that viral infection of pelagic bacteria is ubiquitous. Therefore, detailed investigation of these processes is critical to a complete understanding of the microbial ecology and biogeochemical dynamics of the Arctic marine ecosystem.
